The Ihog Cell-Surface Proteins Bind Hedgehog and Mediate Pathway Activation  by Yao, Shenqin et al.
The Ihog Cell-Surface Proteins Bind
HedgehogandMediatePathwayActivation
Shenqin Yao,1 Lawrence Lum,1,2 and Philip Beachy1,*
1Howard Hughes Medical Institute, Departments of Molecular Biology, Genetics, and Oncology, The Johns Hopkins University
School of Medicine, Baltimore, MD 21205, USA
2Current address: Department of Cell Biology, University of Texas Southwestern Medical Center, 5323 Harry Hines Boulevard
L4.234, Dallas, Texas 75390, USA
*Contact: pbeachy@jhmi.edu
DOI 10.1016/j.cell.2006.02.040SUMMARY
The ihog gene (interference hedgehog), identi-
fied by RNA interference in Drosophila cultured
cells, encodes a type 1 membrane protein
shown here to bind and to mediate response
to the active Hedgehog (Hh) protein signal.
ihog mutations produce defects characteristic
of Hh signaling loss in embryos and imaginal
discs, and epistasis analysis places ihog action
at or upstream of the negatively acting receptor
component, Patched (Ptc). The first of two ex-
tracellular fibronectin type III (FNIII) domains
of the Ihog protein mediates a specific interac-
tionwith Hh protein in vitro, but the second FNIII
domain is additionally required for in vivo sig-
naling activity and for Ihog-enhanced binding
of Hh protein to cells coexpressing Ptc. Other
members of the Ihog family, including Drosoph-
ila Boi and mammalian CDO and BOC, also
interact with Hh ligands via a specific FNIII do-
main, thus identifying an evolutionarily con-
served family of membrane proteins that func-
tion in Hh signal response.
INTRODUCTION
Activity of the Hedgehog (Hh) signaling pathway is re-
quired for normal regulation of cell proliferation and dif-
ferentiation during a diverse array of patterning events,
ranging from embryonic segmentation in insects to neural
tube differentiation in vertebrates (Nusslein-Volhard and
Wieschaus, 1980; Chiang et al., 1996; reviewed in Jessell,
2000 and in McMahon et al., 2003). The Hh pathway also
plays a homeostatic role in postembryonic tissues through
its regulation of stem cell and precursor cell proliferation,
and aberrant activity of the Hh pathway is associated
with the initiation and growth of a variety of deadly human
cancers (reviewed in Beachy et al., 2004). Despite the im-
portance of this signaling pathway in development anddisease, however, significant gaps remain in our under-
standing of Hh signal transduction.
Themature Hh ligand is derived from the Hh protein pre-
cursor by autoprocessing and lipid modification that gen-
erates an amino-terminal signaling peptide (HhN) dually
modified by palmitoyl and cholesteryl adducts (reviewed
in Mann and Beachy, 2004). Pathway activity is triggered
by stoichiometric binding of this dually lipidated Hh ligand
to Ptc, a 12-transmembrane transporter-like protein that
in the absence of Hh acts catalytically to suppress activity
of the seven-transmembrane protein Smoothened (Smo).
The release of Smo inhibition by HhN binding to Ptc per-
mits activation of an intracellular signal cascade that in
turn activates latent cytoplasmic transcription factors,
the zinc finger protein Ci (Cubitus interruptus) in Drosoph-
ila or the homologous Gli proteins in vertebrates, and
these proteins subsequently stimulate transcriptional acti-
vation of pathway target genes (reviewed in Lum and
Beachy, 2004).
The identification of Ptc as a Hh receptor is based on
genetic epistasis studies demonstrating that Ptc functions
downstream of Hh (Ingham et al., 1991; Sampedro and
Guerrero, 1991) and upstream of Smo and other pathway
components (Forbes et al., 1993; Alcedo et al., 1996;
Zhang et al., 2001). Biochemical studies have further dem-
onstrated that ShhN, the amino-terminal signaling domain
of the mammalian Hh family member Sonic hedgehog,
binds with high affinity tomammalian cells expressingmu-
rine Patched (mPtch) (Stone et al., 1996; Fuse et al., 1999).
The signaling potencies of mutationally altered ShhN pro-
teins in this cultured cell-based assay correlate with their
apparent mPtch binding affinities (Fuse et al., 1999). In ad-
dition to its cell-autonomous role in pathway activation,
Ptc/HhN binding also results in sequestration and degra-
dation of the HhN protein (Chen and Struhl, 1996; Torroja
et al., 2004), thus preventing movement to distal cells and
restricting the tissue range of Hh action in a cell nonauton-
omous fashion.
Despite the importance of Ptc/Hh binding in regulating
both Hh tissue distribution and cell autonomous response
to the Hh signal, it is curious that Ptc protein is mainly
localized in vesicular structures within the cytoplasm,
with barely detectable levels in the plasma membraneCell 125, 343–357, April 21, 2006 ª2006 Elsevier Inc. 343
(Capdevila et al., 1994; Denef et al., 2000; Taipale et al.,
2002). The Hh receptor has not been biochemically de-
fined and isolated, and the possibility remains that other
pathway components may be involved in Hh binding to
target cells. An RNAi-based genome-scale screen (Lum
et al., 2003) has recently identified several candidates
for such action, including Dally-like (Dlp), a member of
the glypican family of heparan sulfate proteoglycans
(HSPGs).
A second membrane-associated Hh pathway compo-
nent, previously known as CG9211 and here referred to
as ihog (interference hedgehog), was identified in this
RNAi screen (Lum et al., 2003) and is the major focus of
this work. RNAi targeting of Ihog in cultured cells reveals
its requirement for Hh response in cultured cells, and ge-
netic analysis shows that loss of ihog function in embryos
and imaginal discs leads to patterning defects associated
with loss or reduction of Hh pathway activation. The ihog
gene encodes a type I transmembrane protein with four
immunoglobulin-like (Ig) domains and two fibronectin
type III (FNIII) domains in its extracellular region. A bio-
chemical interaction between HhN and the Ihog extra-
cellular domain maps to the first FNIII domain (FN1), but
signaling function in vivo requires the additional presence
of the second FNIII domain (FN2). The binding of HhN to
cultured cells is greatly enhanced by coexpression of
Ptc and Ihog, and both FN1 and FN2 of Ihog are required
to mediate this synergistic effect. A Drosophila homolog
and two mammalian homologs can also interact directly
with Hh ligands through a specific FNIII domain, suggest-
ing that proteins in this family constitute conserved com-
ponents of the Hh signal reception machinery.
RESULTS
The Ihog Transmembrane Protein Functions
Positively in Hh Signal Transduction
Our previous RNAi-based genome screen that identified
CG9211 as a potential novel component of the Hh path-
way utilized vector primers to amplify cDNA sequences
from a collection of full-length Drosophila cDNA clones
(DGCr1) (Stapleton et al., 2002; Lum et al., 2003). To con-
firm the role of CG9211 in Hh signalling, we used gene-
specific primers to generate dsRNA for testing in our cul-
tured cell assay (Chen et al., 1999; Lum et al., 2003). In this
assay, Hh pathway activity in wing imaginal disc-derived
cl-8 cells is indicated by activity of a HhN-sensitive lucifer-
ase reporter normalized to a constitutively active control
reporter. Consistent with our results in the initial screen,
dsRNA produced with CG9211-specific primers reduced
response to Hh signaling (Figure 1A), and on the basis of
its discovery by RNA interference we have named this
gene ihog (interference hedgehog). Transfection of a con-
struct for expression of higher levels of Ihog protein pro-
ducedonly amodest effect onpathway activity (Figure 1A),
suggesting that normal Ihog levels in cl–8 cells are only
moderately limiting in the response to Hh signaling. RNAi
targeting of ihog produced no effect in a cultured cell344 Cell 125, 343–357, April 21, 2006 ª2006 Elsevier Inc.assay for response to Wg signaling (Lum et al., 2003 and
data not shown).
Ihog Functions Upstream of or at the Level of Ptc
Weexamined the role of the Ihog protein in Hh signaling by
epistasis analysis in cultured cells and found that Ihog
function was not required for increased basal pathway
activity produced either by loss of Cos2 (Figure 1B) or
by expression of Smo-Glu (a constitutively active mimic
of the Hh-induced, phosphorylated form of Smo; Zhang
et al., 2004) (Figure 1C). Pathway activation by RNAi-
based targeting of the ptc mRNA is complicated by the
increased production of ptc mRNA in association with
pathway activation; nevertheless, RNAi targeting of ptc
partially reversed the loss of Hh response produced by
ihog RNAi (Figure 1B), and overexpression of Ptc dramat-
ically suppressed the modest increase in pathway activity
produced by Ihog overexpression (Figure 1B). These re-
sults, together with in vivo genetic analysis (see below),
suggest that Ihog functions upstream or at the level of Ptc.
Prior studies showed that Dlp, a glycosyl phosphatidyl
inositol (GPI)-linked membrane protein, appears to func-
tion in Hh signal response at or upstream of the level of
Ptc in epistasis studies (Desbordes and Sanson, 2003;
Lum et al., 2003) and that the requirement for Dlp in cul-
tured cells can be circumvented by intracellular expres-
sion of Hh (Lum et al., 2003). We similarly found that
RNAi targeting of ihog did not block signal response with
cotransfection of a construct for intracellular Hh expres-
sion, although RNAi of smo blocked pathway activity re-
gardless of the source of Hh protein (Figure 1D). We also
found that an Ihog expression construct complemented
RNAi-mediated loss of Dlp in a dose-dependent manner
(Figure 1E); the same concentrations of the Ihog expres-
sion construct failed to restore Hh response in cells tar-
geted for loss of Smo (Figure 1E). Despite apparent sim-
ilarities in their action at or upstream of Ptc and their
dispensability for cultured cell responses with endoge-
nously expressed Hh protein, Ihog and Dlp functions can
be genetically and biochemically distinguished (see be-
low). Complementation of RNAi-mediated Dlp loss pro-
vides a valuable assay for functional testing of Ihog protein
variants, as RNAi targeting of the short ihog untranslated
region (UTR) is not effective.
The ihog Gene Functions
in Embryonic Segmentation
To confirm the role of ihog deduced from RNAi studies in
cultured cells, we characterized three mutant ihog alleles
and analyzed their effects in embryos and imaginal discs.
One of these alleles, ihoge02142, is associated with inser-
tion of a piggyBac transposable element in genomic DNA
corresponding to the 50 UTR of the ihog transcript (Fig-
ure 2A). This allele is viable and fertile and only partly
disrupts gene function. RT-PCR analysis of RNA from
ihoge02142 mutant embryos thus failed to detect RNA con-
taining normal ihog 50 UTR sequences, but coding RNA
sequences were detected, and embryonic protein
Figure 1. Ihog Is Required for Hh Signal Response in Drosophila Cultured Cells
(A) Ihog is a positive component of the Hh pathway. dsRNA targeting ihog reduced response to the Hh signal, whereas expression of ihog resulted in
moderately enhanced responsiveness to Hh. yfp dsRNA and a construct for expression of Gfp serve as controls.
(B) Ihog functions upstream of or at the level of Ptc. Basal pathway activation resulting from RNAi of cos2 is not affected by RNAi of ihog, but RNAi of
ptc substantially restores pathway responsiveness in ihog-targeted cells (left panel). The enhanced response to the Hh signal caused by expression of
Ihog can be suppressed by coexpression of Ptc (right panel).
(C) Ihog functions upstream of Smo. RNAi of ihog does not affect the basal pathway activation resulting from expression of an activated Smo mutant
(Smo-Glu), but RNAi of ci abolishes the basal pathway activation produced by Smo-Glu.
(D) Ihog and Dlp function are required for Hh response when Hh is delivered from conditioned medium (left panel) but not when it is supplied by
endogenous expression (right panel). Smo is always required.
(E) Rescue of dlp RNAi but not smo RNAi by increased Ihog expression. cl-8 cells were transfected with a fixed amount of dsRNA targeting dlp (left
panel) and increasing amounts of constructs for expression of Gfp or Ihog. Fold induction by Hh stimulation was normalized to that of cells transfected
with the same amount of yfp dsRNA and the Gfp construct and is indicated by the dotted line. Increasing Ihog expression fails to rescue loss of Smo
(right panel). Data are presented as mean ± std. dev.extracts contained reduced levels of the Ihog protein, as
detected with an antibody directed against the extracellu-
lar domain of Ihog (Figure 2A, inset). The other two alleles
were generated by imprecise excision (see Experimental
Procedures) of two distinct P transposable element inser-
tions (EY975 and KG05348) (Figure 2A), both located 30 of
transcribed ihog sequences. Both mutant alleles, ihogEY
and ihogKG, delete the original P-element and 1kb of se-
quence in the direction of the ihog gene, and both remove
the sequence encoding the transmembrane domain ofIhog, thus likely generating null alleles of ihog. Although
both deletions leave intact the sequences on the other
side of the insertion site, these mutant alleles probably im-
pair function of CG10158, the gene to the 30 side of ihog,
as the original P-element insertions are located 20 bp up-
stream of the transcription start site (EY975) andwithin the
50 UTR (KG05348) (see Figure 2A) and display homozy-
gous lethality that is fully reverted by precise excision of
these P elements (data not shown). The ihoge02142 allele,
in contrast, does not affect CG10158.Cell 125, 343–357, April 21, 2006 ª2006 Elsevier Inc. 345
Figure 2. Ihog Function in Patterning of Embryonic Segments
(A) A schematic representation of the genomic region around ihog. (Left) KG05348 and EY975 are two P-elements inserted in the genomic region 30 of
the ihog transcription unit. Twomutant alleles of ihogwere generated by imprecise excision of these P-elements, and the deleted regions are marked
with dashed lines. ihoge02142 has the lepidopteran transposon piggyBac inserted in the 50UTR of ihog, 81bp downstream of the transcription start site.
(Right) In ihoge02142 embryos, ihog transcripts were detected by RT-PCR using a pair of primers located within the coding sequence of ihog, whereas
RNAwas not detected by primers flanking the ihog 50UTR. An immunoblot (IB) with a rat polyclonal raised against the extracellular domain shows that
the Ihog protein is significantly reduced in ihoge02142 embryos.
(B) Cuticle preparations of a wild-type embryo (a’) and an ihogKG mutant embryo produced from ihogKG germline clone (b’). Paternal alleles of
ihoge02142 failed to rescue ihogKG germline clones (c’), and either ihogKG or ihoge02142 in combination with a dlp null allele (d’ and e’) produce zygotic
cuticle phenotypes.
(C) Ihog functionmaps upstream of Ptc by epistasis analysis inDrosophila embryos. Ventral view of denticle belts fromwild-type, ptc, ptc ihogKG, and
ihogKG mutant embryos. The ptcmutant shows a mirror-image duplication of the anterior portion of each denticle belt (small arrows). The ptc ihogKG
double mutant displays a similar duplication, whereas ihogKG displays fusion of denticle belts. Anterior is to the left.We observed no embryonic cuticle phenotypes in
homozygous progeny of flies carrying these mutations.
Maternal germ-line clones for either ihogEY or ihogKG,
however, produced embryos with denticle belt fusions in-346 Cell 125, 343–357, April 21, 2006 ª2006 Elsevier Inc.distinguishable from those of a hypomorphic hh allele so
long as the paternally supplied allele was also mutant
(Figure 2Bb’ and data not shown); these denticle belt fu-
sions were somewhat less severe with paternal provision
of the hypomorphic ihoge02142 allele (Figure 2Bc’) as com-
pared to the presumed null alleles ihogEY and ihogKG
(Figure 2Bb’ and data not shown).
Although the CG10158 gene 30 to ihog likely is damaged
in the ihogEY and ihogKG mutant alleles, CG10158 was not
identified in our genome-scale screen for components of
the Hh pathway, and dsRNAs generated against CG10158
with gene-specific primers did not affect pathway re-
sponsiveness when tested in cl-8 cells (Figure S1). Fur-
thermore, the original insertions of these P elements,
despite lethality associated with insertion near or within
CG10158, did not produce denticle belt fusions in homo-
zygous embryos (data not shown). Most importantly,
ihoge02142 does not affect CG10158 yet produces denticle
belt fusions when paternally supplied to produce zygotes
from homozygous mutant maternal germ-line clones
(Figure 2Bc’). These observations together indicate that
CG10158 is unlikely to be a component required for Hh
signal response and that Hh pathway phenotypes are
caused by mutation of ihog.
ihog Mutations Interact with Other Hh
Pathway Mutations
Although homozygous mutant embryos from a heterozy-
gous maternal germ-line did not produce cuticle pheno-
types for any of the three ihog alleles analyzed, suggesting
a significant maternal contribution of ihog gene products,
we did observe denticle belt fusions in embryos doubly
mutant for ihog and dlp (Figures 2Bd’ and 2Be’). The
dlpA187 allele used here is a null allele but, as with ihogmu-
tations, cuticle phenotypes and disruption of segmenta-
tion are observed only with loss of both maternal and
zygotic function (Han et al., 2004). Maternal function of
both ihog and dlp nevertheless is insufficient to comple-
ment their combined zygotic loss.
We also examined embryos lacking both maternal and
zygotic ihog function and in addition zygotic function of
ptc. We found that these embryos showed denticle pat-
terns characteristic of ptc loss (Figure 2C) and not the den-
ticle belt fusions characteristic of ihog or hh loss, thus
indicating that ptc function is epistatic to that of ihog, con-
sistent with our epistasis analysis in cultured cells (see
above).
The ihog Gene Functions in Imaginal
Disc Development
We produced clones of cells homozygous for ihogKG by
FLP-mediated recombination and found that Ptc protein,
whose expression is induced by Hh signaling in a narrow
stripe of cells on the anterior side of the anterior/posterior
compartment boundary, was decreased but not entirely
absent within mutant cells along the anterior side of this
boundary (Figures 3A and 3B). Anterior compartment
clones within the wing pouch also showed loss of expres-
sion of Engrailed (En) (Figure 3C), which, during late third
instar, normally expands slightly from its territory within
the posterior compartment in a manner dependent uponthe highest levels of Hh signaling. FLP-mediated recombi-
nation also consistently produced a decrease in the extent
of the intervein region between L3 and L4 (Figure S2),
where Hh signaling is directly responsible for patterning
(Mohler et al., 2000). These morphological abnormalities
together with the reduction of Ptc and En expression in
the anterior compartment indicate a role for Ihog in medi-
ating Hh signal response in wing imaginal disc patterning.
In contrast, no significant morphological changes were
noted in the margin of wings carrying clones lacking
ihog function, and no change in the distribution of Wg pro-
tein was noted in wing imaginal disc bearing clones lack-
ing ihog function (data not shown).
Ihog Family Members Overlap Functionally
The embryonic and imaginal phenotypes of ihog muta-
tions are somewhat weaker than those of mutations af-
fecting other pathway components such as hh and smo.
Of possible relevance, the Drosophila genome contains
a related gene, CG32796, here called boi, (brother of ihog).
The Ihog and Boi proteins, as well as the related mamma-
lian proteins BOC and CDO (Kang et al., 2002) (Figure 4A),
contain amino-terminal clusters of four or five immuno-
globulin (Ig) domains followed by two or three fibronectin
type III (FNIII) domains, with a predicted transmembrane
domain and cytoplasmic carboxy-terminal cytotail that
displays no apparent homology to other family members
or other proteins. The two FNIII domains of the Ihog and
Boi proteins are particularly well conserved, with 54%
amino acid identity as compared to 42% identity in the
Ig domains or 45% identity between the two proteins as
a whole (Figure S3), and these domains are most closely
related to the second and third FNIII domains of BOC
and CDO (not shown). We found that transfection of
a Boi expression construct could rescue RNAi-mediated
loss of Ihog in cl-8 cells and that Boi, like Ihog, appears
to function at or upstream of the level of Ptc (Figure 4B).
Boi expression is also capable of rescuing RNAi-mediated
loss of dlp function in cl-8 cells (Figure 4C).
Ihog protein is detected as a single species of about
100KD in Western blots of lysates from Drosophila em-
bryos (Figure 2A) and from various Drosophila cultured
cell lines (data not shown). Ihog is ubiquitously expressed
throughout embryogenesis (Figure 4D) and in the wing
imaginal disc (not shown). Confirming this distribution,
ihog RNA was found by RT-PCR to be expressed in em-
bryos, the wing imaginal disc, and in cl-8 and S2-R+ cul-
tured cells (Figure 4E). We have characterized two iso-
forms of boi cDNA, one full-length and the other lacking
coding sequences for the signal sequence and the Ig do-
mains. The full-length boi transcript, like the ihog tran-
script, is expressed in embryos, in the wing imaginal
disc, and in S2 cells, but in cl-8 cells only the defective
RNA is detected (Figure 4E).
Given these nearly identical functional properties of Boi
and Ihog proteins in cl-8 cultured cells, it seems likely that
Boi expression may at least partially compensate for lossCell 125, 343–357, April 21, 2006 ª2006 Elsevier Inc. 347
Figure 3. Ihog Function in Imaginal Disc Patterning
(A and B) Expression of the Hh pathway target gene Ptc in a wild-type wing imaginal disc (left) and in discs containing clones of ihog mutant cells.
(C) Expression of En in wild-type wing imaginal disc (left) and in ihog mutant clones. Micrographs are confocal images of third instar wing imaginal
discs stained with antibodies as indicated. ihog mutant clones are marked by loss of Myc epitope expression. Anterior is to left, dorsal is up.of ihog in embryos and imaginal discs and thus account
for the intermediate phenotypes of ihog mutations. The
relatively strong effect of ihog RNAi in cl-8 cells, where
its pathway role was discovered, may be due to the ab-
sence of boi expression. Both ihog and boi are expressed
in S2 cells, where hyperphosphorylation of Smo provides
a rapid and direct readout of Hh pathway activation (Denef
et al., 2000; Zhang et al., 2004). Combined RNAi against
both gene products indeed produced additive effects
in this assay (Figure 4F). A similar RNAi-based analysis
in embryos was precluded by stability of the Ihog protein
(data not shown), and no boimutation or nearby transpos-
able element for imprecise excision is currently available.
Ihog Is a Cell-Surface Glycoprotein
Ihog function at or upstream of the level of Ptc suggests
a possible role for Ihog as a central or accessory compo-
nent of the Hh receptor. We further investigated this pos-
sibility by examining the subcellular localization of Ihog
and by asking whether it can interact with the Hh protein.
Consistent with its predicted structure, the Ihog protein348 Cell 125, 343–357, April 21, 2006 ª2006 Elsevier Inc.appears to be localizedmainly to the surface of embryonic
cells (Figure 4D) and can be detected on the cell surface in
both permeabilized and nonpermeabilized S2-R+ cultured
cells (Figure 5A).
The Ihog protein likely is modified by glycosylation, as it
was enriched by Concanavalin A (Con A) Sepharose chro-
matography (Figure 5B). Ihog also can be cross-linked to
membrane-impermeable biotin (Figure 5C), indicating
that it is a cell surface glycoprotein. The levels of Ihog
protein in cl-8 cells were not affected by Hh stimulation
(Figures 5B and 5C), consistent with its lack of spatial
modulation in embryonic and imaginal disc expression.
Ihog Interacts with HhN In Vitro
Sequences encoding either the full-length or a truncated
series of Ihog proteins were fused at their carboxy-termini
to sequences encoding the Fc domain of a human immu-
noglobulin sequence and immobilized on protein A Se-
pharose. Fusion proteins containing full-length Ihog cod-
ing sequences or the extracellular domain, either in its
entirety or lacking the second FNIII repeat, all precipitated
Figure 4. The Ihog Protein Family
(A) The Ihog family includes two Drosophila proteins, Ihog and Boi, and two vertebrate proteins, CDO and BOC.
(B and C) Boi in Hh signal response (data presented as mean ± std. dev.).
(B) Boi expression enhances Hh response and can rescue RNAi-targeting of ihog (left panel). Enhanced Hh response mediated by Boi function can be
suppressed by coexpression Ptc (right panel).
(C) Boi expression can also rescue RNAi-mediated loss of Dlp.
(D and E) Expression of Ihog and Boi.
(D) Immunostaining of Ihog reveals ubiquitous surface expression of Ihog in Drosophila embryos at various stages (upper and lower panels).
(E) Distinct expression profiles for ihog and boi. RT-PCR using primers to detect GAPDH (control), ihog coding sequences (ihogA and ihogB), and boi
coding sequences within the Ig domains (boi) was performed on cDNA from cl-8 and S2 cultured cells (top panel), embryos (middle, left panel), and
wing discs (middle, right panel). Primers flanking the first FNIII domain of Ihog/Boi detects transcripts in both cl-8 and S2 cells (lower panel), but in cl-8
cells the full-length isoform is lacking (upper panel); the product seen in cl-8 cells likely corresponds to a nonfunctional boi isoform lacking a signal
sequence and the four Ig domains (see text). The asterisk (upper panel) denotes a product containing only primer sequences.
(F) Functional overlap between Ihog and Boi. S2-R+ cells cotransfected with a construct expressing Myc-tagged Smo show Smo accumulation and
increased phosphorylation, associated with reduced electrophoretic mobility, upon Hh stimulation. RNAi targeting of ihog and boi together reduced
the level and phosphorylation of Smo protein to a greater extent than RNAi of either ihog or boi alone. Bar, phosphorylated Myc-Smo; arrow, unmod-
ified Myc-Smo.HhN from conditioned medium (Figure 5D). A finer resolu-
tion analysis revealed that fusion proteins containing only
the Ig domains failed to precipitate HhN and that the first
FNIII domain alone (FN1), but not the second (FN2), suf-
ficed for interaction with HhN (Figure 5E). The Ihog protein
thus specifically interacts with HhN via FN1. As for Ihog,
we also found for Boi that FN1 but not FN2 specifically in-
teracts with HhN (Figure 5E).Ptc and Ihog Synergize in Mediating Hh Binding
to Cells
Hh binding by Ihog raises the question of how Ihogmay in-
teract with Ptc, a previously characterized Hh receptor
(Stone et al., 1996; Fuse et al., 1999; Taipale et al., 2002).
We measured binding of HhN enzymatically tagged by
fusion to Renilla luciferase (HhN-Ren) (Figure 5F and
Experimental Procedures) to intact cells coexpressingCell 125, 343–357, April 21, 2006 ª2006 Elsevier Inc. 349
Figure 5. Surface Expression and Hh Binding of Ihog
(A) Ihog protein can be detected by immunofluorescence of nonpermeabilized or detergent-permeabilized S2R+ cells expressing Ihog. Note pres-
ence of Ihog in intracellular punctate structures in permeabilized cells.
(B and C) Ihog is a cell surface glycoprotein.
(B) Ihog glycosylation was demonstrated by enrichment with Concanavalin A (ConA) beads, and Hh stimulation apparently did not affect Ihog protein,
as indicated by immunoblotting extracts from cl-8 cells incubated overnight with control or HhN-containing medium.
(C) Ihog was labeled by surface biotinylation, as demonstrated by immunoprecipitation with preimmune serum or the rat polyclonal antibody after
labeling of cl-8 cells with membrane-impermeable biotin and streptavidin-HRP detection. Ihog also migrated faster in the absence of DTT, indicating
that disulfide-bonds are important for maintaining its structure.
(D and E) In vitro binding of Ihog and Hh.
(D) Various fusions of Ihog with a human immunoglobulin Fc domain (pink boxes) were immobilized on a protein A matrix, incubated with HhN con-
ditioned medium, and precipitated HhN was detected by Western blotting.
(E) Fine-mapping of the Hh interacting domain revealed that FN1 but not FN2 or the Ig domains of Ihog and Boi were able to interact with HhN. Upper
panel, Western blot of precipitated HhN protein; lower panel, Coomassie stain of Ihog and Boi fusions.
(F) COS1 cells transfected for expression of Ihog, Boi, or Ptc alone showed little increase in binding of HhN-Ren (insertion of Renilla luciferase into
HhN; see inset) as compared to that of cells expressing GFP. Cells expressing Ptc together with either Ihog or Boi in contrast showed dramatically
enhanced binding to HhN-Ren.
(G) Drosophila S2R+ cells expressing Ihog and Ptc showed a 60-fold increase in binding compared to cells with Ihog expression and Ptc RNAi and
a 30-fold increase as compared to cells with Ptc expression and Ihog RNAi. All binding in (F) and (G) was normalized to cells expressing GFP only, and
data are presented as mean ± std. dev.Ihog and Ptc; tagging of HhN at this site is compatible with
signaling activity (Gorfinkiel et al., 2005), although the
resulting HhN-Ren protein, like the HhN in conditioned350 Cell 125, 343–357, April 21, 2006 ª2006 Elsevier Inc.medium used for signaling assays, is not cholesterol
modified. We initially selected COS1 monkey cells for
these experiments to avoid potential interference from
endogenous Drosophila proteins that may function in
binding. We found that transfection for expression of Ptc
only slightly increased HhN-Ren binding above endoge-
nous levels and that transfection for expression of Ihog
increased binding less than 2-fold (Figure 5F). Cotransfec-
tion for expression of Ptc and Ihog in contrast produced
a more than ten-fold increase in binding of HhN-Ren, far
greater than the additive effects of Ptc and Ihog alone.
Similar effects were noted for expression of Boi, alone
and together with Ptc (Figure 5F).
We then turned to S2-R+ cells, which offer the possibil-
ity of reducing background binding by RNAi-mediated
knockdown of specific endogenous proteins through
bathing of cells in dsRNA. Significant binding of HhN-
Ren to untransfected S2-R+ cells was noted (Figure 5G),
and RNAi targeting of ihog or ptc reduced this basal bind-
ing 2- to 5-fold, indicating that endogenous Ptc and Ihog
indeed contribute to basal HhN-Ren binding activity. We
also found that coexpression of Ihog and Ptc synergisti-
cally increased HhN-Ren binding to levels many fold
higher than those produced by expression of either pro-
tein alone (Figure 5G). Tomore accurately compare syner-
gistic binding to that of Ptc or Ihog individually, we reduce
expression of one component with RNAi while transfect-
ing for expression of the other. We found that HhN-Ren
binding with coexpression of Ihog and Ptc was 59-fold
higher than that produced by combined Ihog expression
and RNAi-mediated knockdown of ptc and 30-fold higher
than that seen with combined expression of Ptc and RNAi-
mediated knockdown of ihog (Figure 5G).
Ihog Signaling Function and Synergy with Ptc
Requires Both FNIII Domains
Although FN1 of Ihog suffices for interaction with HhN in
vitro, we found that synergy with Ptc in binding to HhN-
Ren was produced only by proteins containing both FN1
and FN2 (Figure 6A). We also found that both FNIII
domains were required for rescue of RNAi-mediated tar-
geting of Dlp (Figure 6C) or Ihog (Figure 6B). Functional
rescue also did not require the Ihog intracellular domain.
We also noted a similar requirement for both FNIII domains
of Boi in rescue of RNAi-mediated targeting of Ihog (Fig-
ure 6D) or Dlp (Figure 6E). This requirement for FN2 in syn-
ergistic binding with Ptc and for signaling activity, despite
an apparent lack of direct HhN binding activity, suggests
that FN2 may mediate interactions with Ptc and/or other
pathway components.
Ihog Functions Are Distinct from Those of Dlp
and Other Hh Pathway Components
The Dlp protein, like Ihog, also functions in cell-autono-
mous response to Hh upstream or at the level of Ptc (Des-
bordes and Sanson, 2003; Lum et al., 2003; Han et al.,
2004). We found, however, that the Dlp protein does not
mediate increased binding of HhN-Ren to S2-R+ cells, ei-
ther when expressed alone or in combination with Ptc or
Ihog (Figure 7A). In further comparing the roles of Dlp
and Ihog, we found that Hh response in cells transfectedfor expression of Ihog is resistant to RNAi targeting of
Dlp (Figure 7B), whereas Hh response in cells transfected
for expression of Dlp remains sensitive to RNAi targeting
of Ihog (Figure 7C). High-level expression of Ihog thus
can compensate for loss of Dlp, but not vice versa, and
Dlp is unable to mediate increased Hh binding, either
alone or in synergy with Ptc.
In addition to its cell-autonomous role in Hh response,
Dlp acts together with Dally, another glypican, to mediate
tissue movement of the Hh signal (Han et al., 2004). Also
contributing to tissue movement of the Hh signal, Tout-
velu (Ttv) and its relativesSotv andBotv (Sister andBrother
of tout-velu, respectively) are heparan sulfate polymerases
that likely elaborate the glycosaminoglycan chains of Dlp
and Dally (Bornemann et al., 2004; Takei et al., 2004; Han
et al., 2005;. We found that neither RNAi targeting of these
proteins nor of theShifted (Shf) protein, which also contrib-
utes to Hh movement (Glise et al., 2005; Gorfinkiel et al.,
2005), disrupted Ihog/Ptc-mediated binding of HhN-Ren
(Figure 7D); nor didRNAi targeting of theseproteins disrupt
Hh response (Figure S4). The Dlp protein, like Ptc, has dual
roles in regulatingHhmovement andmediating cell-auton-
omous response; the latter role of Dlp in Hh response can
be distinguished genetically and biochemically from the
cell-autonomous role of Ihog in Hh response (see above)
(Figure 7E).
Vertebrate ihog Homologs Bind Shh and Mediate
Shh Response
The two closest vertebrate homologs of ihog are Cdo and
Boc (Figure 4A) (Kang et al., 2002). Cdo/ mice previ-
ously were reported to display mild holoprosencephaly
(HPE) (Cole and Krauss, 2003), more severe forms of
which are associated with embryonic loss of Hh signaling
(Chiang et al., 1996). Using an established reporter assay
involving a Gli-luciferase reporter construct in NIH 3T3
cells (Taipale et al., 2000), we found that shRNA con-
structs targeting either Cdo or Boc, but not a control
shRNA construct, inhibited cell response to ShhN (Fig-
ure 8A), thus suggesting that HPE in Cdo/ mice may
be due to defective Hh signal response.
Upon testing of various human Fc fusions for a direct in-
teractionwithShhN invitro,we found thatonly the thirdFNIII
domain of CDOandBOCcan precipitate ShhN fromcondi-
tioned media (Figure 8B). Thus, although CDO and BOC
differ from their Drosophila counterparts in number of FNIII
domains and, in the case of CDO, in the number of Ig
domains, these mammalian proteins appear to retain the
ability to interactwithaHh ligandviaaspecificFNIIIdomain.
Previous studies of ShhN binding utilized a series of al-
tered proteins with structure-based alanine substitutions
for four groups of conserved surface residues labeled A,
B, C, and D (Fuse et al., 1999). Using the Fc fusion to
the FN3 domain of CDO, we found that surface A and B
mutants were as efficiently coprecipitated as wild-type
ShhN but that the surface C mutant was not coprecipi-
tated and the surface D mutant only poorly precipitated
(Figure 8C). Similar results were noted for FN3 of BOCCell 125, 343–357, April 21, 2006 ª2006 Elsevier Inc. 351
Figure 6. Synergistic Hh Binding with Ptc and Signal Response Requires Both FNIII Domains
(A and B) Ihog/Ptc synergistic binding and Ihog function require both FNIII domains. Ihog constructs contained the indicated extracellular regions
linked to the TM and cytotail domains.
(A) S2-R+ cells transfected for expression of truncated proteins containing either FN1 or FN2 showed no Ptc synergy in binding HhN-Ren; this synergy
was maintained by a construct containing both FN1 and FN2.
(B) Ihog function was rescued by Ihog FN1&2, but not Ihog FN1 (note less efficient disruption of Hh signaling with the first 569 bp of Ihog coding se-
quence, utilized to avoid sequences within the rescue construct). Dashed lines indicate levels of stimulated pathway activity with Gfp expression and
RNAi against yfp (green) or RNAi against ihog (red).
(C) Rescue of dlp RNAi requires both FN1 and FN2. Ihog DICD lacking the cytotail also rescued dlp RNAi.
(D and E) Structure/function analysis of Boi. Boi rescue of ihog and dlp RNAi requires both FNIII domains. The dashed line indicates the stimulated
pathway activity produced by control cells. Data are presented as mean ± std. dev.(data not shown). The ShhN determinants required for
in vitro interaction with the FN3 domains of CDO and BOC
thus are very similar to those required for binding of
ShhN to cells expressing Ptch, consistent with the possi-
bility of a cooperative role for CDO/BOC proteins with
Ptch in binding and reception of theHh signal inmammals.
DISCUSSION
Ihog Family Proteins Function in HhSignal Reception
We first identified ihog in our genome-wide RNAi screen
based on its requirement for Hh response in reporter as-352 Cell 125, 343–357, April 21, 2006 ª2006 Elsevier Inc.says in cultured Drosophila cell lines. Here we confirm
a Hh pathway role for Ihog in embryos and demonstrate
that wing imaginal disc clones lacking Ihog function dis-
play a cell-autonomous loss or reduction in the expression
of Hh pathway targets. Epistasis analysis in cultured cells
revealed that Hh pathway activation by RNAi of cos2 or by
expression of a constitutively activated form of Smo is not
blocked by RNAi of ihog and that RNAi of ptc reverses the
loss of Hh response caused by ihog RNAi. Furthermore,
the ptc embryonic cuticle phenotype prevails in ihog ptc
double mutant embryos, placing Ihog function at or up-
stream of the level of Ptc. Ihog protein is predominantly
Figure 7. Ihog Function in Relation to Other Pathway Components
(A) Ihog and Dlp have distinct functions in HhN binding. Neither Dlp nor Dally expression enhanced HhN-Ren binding when expressed in S2-R+ cells,
and neither Dlp nor Dally showed synergy in binding upon coexpression with Ihog or Ptc. The fold increase in binding was calculated by normalizing to
cells expressing Gfp only.
(B and C) In multiple experiments (representative examples are shown), cells transfected for expression of Ihog are resistant to RNAi of dlp (B), but
cells transfected for expression of Dlp are sensitive to RNAi of ihog (C). Note that Dlp expression dramatically increased pathway responsiveness, but
this increase still requires expression of Ihog. Gfp DNA and yfp dsRNA provide controls.
(D) Synergystic effect of Ihog and Ptc on HhN-Ren binding does not require function of dlp, dally, ttv, botv, sotv, or shf. Cells transfected with Gfp DNA
and yfp dsRNA serve as a control. Fold increase in binding was calculated as above. Data in (A)–(D) are presented as mean ± std. dev.
(E) Classification of pathway components according to their functions in Hh biogenesis, movement, and response. Ttv, Sotv, and Botv likely function
through modification of Dlp and Dally. Grey color indicates role in Hh processing and lipid modification (Hh-C, Ski); green and red colors respectively
indicate positive and negative roles in Hh movement or response (see text).localized at the cell surface and binds specifically to Hh in
vitro, as demonstrated biochemically (see above) and
by crystallographic analysis of an Ihog:Hh complex (J.
McLellan and D. Leahy, personal communication). Finally,
Hh binding to cultured cells is synergistically augmented
by coexpression of Ihog with Ptc. On the basis of its
cell-autonomous role in mediating Hh signal response,
its localization to the cell surface, and its binding to the
Hh signal directly and in synergy with Ptc, we conclude
that Ihog functions as a component of the Hh signal recep-
tion machinery. This role appears to be conserved in
mammals, as mutation of the mouse homolog Cdo pro-
duces holoprosencephaly (Cole and Krauss, 2003), and
CDO and its close relative BOC both bind to the Shhsignal in vitro and contribute to Shh response in cultured
cells.
The embryonic and imaginal disc phenotypes of ihog
mutations are intermediate in severity, likely due to over-
lapping expression of boi, a closely related member of
the Ihog family whose Hh pathway function in cultured
cells can substitute for that of ihog. We have found that
Boi interacts with HhN in vitro and synergistically with
Ptc in vivo. Residual pathway function in embryos and
imaginal disc cells lacking ihog may well be due to ex-
pression of boi in these tissues, and more severe pheno-
types thus would be predicted to result from the
combined absence of Boi and Ihog function, once boimu-
tations become available. Consistent with this prediction,Cell 125, 343–357, April 21, 2006 ª2006 Elsevier Inc. 353
Figure 8. Vertebrate Ihog Family Members
(A) CDO and BOC are required for Shh signal response. Shh response of NIH3T3 cells transfected with a Gli-luciferase reporter was reduced by
shRNAs targeting Cdo or Boc (data presented as mean ± std. dev.).
(B) Fine mapping of the Shh interacting domain using Fc fusion proteins demonstrated that the third FNIII domains of CDO and BOC interact signif-
icantly with ShhN (1% of input shown for comparison).
(C) ShhN surface mutations affect CDO and BOC interaction with ShhN. Precipitation of ShhN by FN3 of CDO was not affected by surface A and B
mutants, but precipitation was abolished by the surface C mutant and significantly decreased by the surface Dmutant. Similar results were noted for
the FN3 of BOC (data not shown).RNAi-mediated targeting in S2-R+ cells of both ihog and
boi produced a stronger effect on Smo accumulation
and phosphorylation than targeting of either gene alone.
Direct Hh Binding Function of FN1 Is Insufficient
for Signaling
Although the binding interactions between Ihog and HhN
are mediated by FN1 in vitro (see above; J. McLellan and
D. Leahy, personal communication), in vivo signaling func-
tion depends upon the additional presence of FN2. This
requirement for FN2 likely relates to the finding that com-
bined expression of Ihog and Ptc in cells produces 30- to
60-fold higher levels of HhN binding than either protein
alone; this synergistic bindingofHh, like signaling, requires
the presence of FN1 and FN2. Much, though not all, Ptc
protein is localized in intracellular vesicles, and neither
Ihog nor Ptc proteins detectably change localization
when coexpressed (data not shown). Despite this predom-
inant intracellular localization for Ptc, HhN-Ren binding by
Ptc/Ihog nevertheless appears to occur on the surface, as
our binding studies were carried out at 4ºC, preventing en-
docytosis, and boundHhN-Renwas sensitive to treatment
with trypsin (data not shown). Thebasis of synergistic bind-
ing seems likely to be an increased affinity for Hh, as
Scatchard analysis ofHhN-Renbinding to cells expressing
Ihog and Ptc yields an estimate of HhN affinity as much as
two orders of magnitude stronger than that for Ihog alone
(J. McLellan and D. Leahy, personal communication;
data not shown). This increase in affinity could be based
on simultaneous interaction of Hh with Ptc and Ihog, as
the Ptch/ShhN interface defined by mutational analysis
(Fuse et al., 1999) is adjacent to and partially overlapping
with the Ihog/Hh interface identified crystallographically
(J. McLellan and D. Leahy, personal communication).354 Cell 125, 343–357, April 21, 2006 ª2006 Elsevier Inc.Do Ihog Family Members Have Multiple
Signaling Roles?
The Ihog family of proteins has previously been studied
primarily in mammals, where CDO and BOC were identi-
fied as members of a distinctive subgroup of the Ig/FNIII
family (Kang et al., 2002). One of the distinguishing fea-
tures of the Ihog/CDO subgroup is a higher degree of con-
servation within their membrane-proximal FNIII domains
as compared to the Ig domains, which contrasts with
higher conservation for the Ig domains in the Robo re-
ceptors and other subgroups of the larger Ig/FNIII family.
Interestingly, these FNIII domains are critically important
for Hh signaling function in our functional dissection of
the Drosophila proteins.
The CDO/BOC proteins were initially linked to myogen-
esis based on their overexpression in C2C12 and 10T1/2
cells, which promoted increased levels of myogenic tran-
scription factors and myotube differentiation (Kang et al.,
1998, 2002). The myogenesis-promoting effects of CDO
and BOC were attributed to a promyogenic interaction
of these proteins with cadherins (Kang et al., 2003) and
with neogenin, a netrin receptor (Kang et al., 2004). Con-
sistent with a role in myogenesis, loss of Cdo function in
mouse embryos caused a reduction or delay in expression
of promyogenic transcription factors Myf-5, MyoD, and
myogenin and a delay in muscle development (Cole
et al., 2004). It is interesting to note, however, that expres-
sion of Myf-5 and MyoD is also reduced in Shh/
embryos, particularly in the epaxial domain of the newly
forming somite and later in the epaxial dermomyotome
(Chiang et al., 1996; Borycki et al., 1999). An effect on
embryonic Shh signal response thus might account, at
least in part, for the effect of Cdo loss on embryonic
myogenesis.
Loss of Cdo function also produced a mild form of HPE
inmice (Cole and Krauss, 2003). The role of Hh signaling in
HPE is clearly established from genetic analysis in mice
and humans (Muenke and Beachy, 2001), and the HPE
phenotype of Cdo/ mice thus may well be accounted
for by a partial reduction of Hh pathway activation. Mor-
pholino oligonucleotide-based disruption of boc expres-
sion in zebrafish embryos also has implicated BOC func-
tion in axonal growth guidance for ventrally projecting
forebrain neurons (Connor et al., 2005). This defect could
be due to an effect on Hh pathway activity, given the role
of Hh signal response in ventrally directed axonal guid-
ance of commissural neurons in the developing spinal
cord (Charron et al., 2003).
The primary importance of individual Ihog FN1 and FN2
domains in Hh ligand binding and response suggests that
other parts of the Ihog protein, which also are evolution-
arily conserved, may play functional roles in other signal-
ing pathways. Further genetic and biochemical analysis
of variant forms of Ihog family proteins will be required
to identify such roles and to learn how such pathways
may be integrated with Hh signaling through use of a com-
mon receptor.
EXPERIMENTAL PROCEDURES
Luciferase Reporter Assay
Gli-luciferase and ptc-luciferase reporter plasmids were used to mea-
sure Hh response in NIH3T3 cells and Drosophila cl-8 cells, respec-
tively (Chen et al., 1999; Taipale et al., 2002; Lum et al., 2003).
Drosophila Stocks and Mutations
ihoge02142 was part of the Exelixis collection at Harvard Medical
School. The KG05348 line and the EY975 line were generated in the
P-element Screen/Gene Disruption Project of the Bellen/Hoskins/
Rubin/Spradling labs. P-element insertion sites of the above three lines
(Figure 2A) were mapped by PCR and confirmed by sequencing.
ihogKG and ihogEY were generated by P element-mediated imprecise
excision using KG05348 and EY975, respectively. ihogKG contains
a deletion from+1979 of the ihog coding sequence to the original inser-
tion site (A in the ATG start codon is designated as 1). ihogEY covers the
region from +2069 to the original insertion site. dlpA187 was described
in (Han et al., 2004). ptc[9] cn[1] bw[1] sp[1]/CyO and all other stocks
are available at the Bloomington Stock Center.
Generation of Germline Clones and Marked Wing Clones
Germline clones and somatic clones were generated by FRT-FLP
recombination (Golic, 1991; Xu and Rubin, 1993; Chou and Perrimon,
1996). The genotypes used in our analyses were as follows:
(1) ihogKG germline clones: y w hsp70-FLP; ihogKG FRT40A/
P[ovoD1]2La P[ovoD1]2Lb FRT40A  ihogKG FRT40A/SM6a
(2) ihogKG clones marked by the absence of Myc: y w hsp70-FLP/
y w hsp70-FLP or Y; ihogKG FRT40A/P[hspM]21C, 36F FRT40A
(3) ihogKG clones marked by yellow: y w hsp70-FLP/y w hsp70-
FLP or Y; ihogKG FRT40A/P[y+] 25F FRT40A
ihogKG FRT40A ptc recombinant chromosome was selected from
male offsprings of ptc[9] / ihogKG FRT40A heterozygous females and
Sco / CyO balancer males. The genotypes used to produce embryos
of ptc ihog double mutants were as follows:
y w hsp70-FLP; ihogKG FRT40A ptc / P[ovoD1]2La P[ovoD1]2Lb
FRT40A  ihogKG FRT40A ptc /CyOAll homozygous ptc mutants lack maternal and zygotic function of
ihog, and half of the ihogKG homozygous embryos are also homozy-
gous for ptc.
Wings were dissected from adults and mounted as described (Bas-
ler and Struhl, 1994). Cuticle preparationswere produced as described
(Lee et al., 1992).
Immunostaining and Western Blot Analysis
Rat polyclonal antisera were generated against an Ihog-Fc fusion pro-
tein consisting of the first 2121bp coding sequence of ihog fused
in-frame with human Fc coding sequence. Primary antibodies were
rabbit anti-Hh (1:1000), mouse anti-Ptc (Capdevila et al., 1994), rabbit
anti-Myc (1:250) (Santa Cruz). The fluorescent-conjugated and HRP-
conjugated secondary antibodies were from Jackson Immuno-
Research Laboratories.
RT-PCR Analysis
Total RNA was extracted from cultured cells or tissues using RNAwiz
reagent (Ambion). cDNA was synthesized using You-Prime First-
Strand Beads (Amersham Pharmacia) and random hexamers. PCR
reactions were performed using 10 ml of cDNA as template.
Cell-Surface Biotinylation
Cells were incubated overnight in HhN-conditioned media or control-
conditioned media, washed with ice-cold PBS, and incubated for
30 min in ice-cold PBS containing 1 mg/ml Sulfo-NHS-LC-Biotin
(Pierce). The reaction was quenched by incubating cells with
100 mM glycine in PBS for 30 min on ice. Cells were then washed
3 in PBS, lysed, and Ihog protein was immunoprecipitated by rat
antiserum against Ihog. The biotinylated Ihog was detected by strep-
tavidin-HRP.
In Vitro Binding Assay
Human Fc fusion proteins were expressed in COS1 cells and recov-
ered by incubating culture media or cell lysate with protein A beads
overnight. The protein A affinity matrices were then incubated with
either HhN-conditioned media or with the indicated recombinant
ShhN proteins in PBS supplemented with 5% FBS for 4hr at 4ºC. After
washing, Hh proteins associated with the matrices were detected by
Western blotting.
In Vivo Binding Assay
DrosophilaS2-R+ cells plated in 6-well-plate were transfected for 48 hr
followed by incubation with conditioned medium containing HhN-Ren
proteins on ice for 1 hr. Cells were then washed three times with cold
PBS, lysed in 200 ml of passive lysis buffer (Promega), and 100 ml of
lysate was used to measure luciferase activities.
Plasmid Constructs
The expression construct for full-length Hh was described previously
(Lum et al., 2003). Other constructs used in Drosophila cell culture
are driven by the Actin 5C promoter. A Renilla luciferase tagged HhN
construct was PCR amplified from the tagged full-length Hh construct
described previously (Ma et al., 2002). Ihog DICD was generated by
PCR amplifying the sequence encoding the first 742 amino acids. To
generate Ihog DFN1, an Ihog fragment (nucleotides 1 to 1398) corre-
sponding to the Ig domains of Ihog was PCR amplified with BamHI
sites and ligated to another fragment (nucleotides 1732 to 2661) cov-
ering the region from FN2 to the stop codon with a BglII site at the 50
end and a BamHI site at the 30 end. Ihog DFN2 was similarly generated
by ligating a 50 fragment (nucleotides 1 to 1716) with a 30 fragment (nu-
cleotides 2058 to 2661). To generate FN1, FN2, and FN1&FN2, frag-
ments containing the appropriate numbers of FNIII domain and the
rest of the Ihog carboxy-terminal region were PCR amplified using
Ihog DFN2, Ihog DFN1, and Ihog DNAs as templates and fused in-
frame with the CD8 signal sequence. Boi FN1, FN2, FN1&FN2 were
generated similarly.Cell 125, 343–357, April 21, 2006 ª2006 Elsevier Inc. 355
Constructs for shRNA were made by annealing and ligating syn-
thetic oligonucleotides into the BglII/SalI sites of pSUPER (OligoEn-
gine). The oligonucleotides to generate shRNA targeting mCDO
were: GATCCCCCTTATAGCGCACCTCAGCTTTCAAGAGAAGCTG
AGGTGCGCTATAAGTTTTTG and TCGACAAAAACTTATAGCGCAC
CTCAGCTTCTCTTGAAAGCTGAGGTGCGCTATAAGGGG.
The oligonucleotides to generate shRNA for mBOC were: GATC
CCCGGTCACGAACTCCTCTGACTTCAAGAGAGTCAGAGGAGTTCG
TGACCTTTTTG and TCGACAAAAAGGTCACGAACTCCTCTGACTCT
CTTGAAGTCAGAGGAGTTCGTGACCGGG.
The oligonucleotides to generate a control shRNA were: GATCCC
CCTCACTCCGAGTACGTGACTTCAAGAGAGTCACGTACTCGGAGT
GAGTTTTTG and TCGACAAAAACTCACTCCGAGTACGTGACTCTC
TTGAAGTCACGTACTCGGAGTGAGGGG.
Supplemental Data
Supplemental Data include four figures and can be found with this
article online at http://www.cell.com/cgi/content/full/125/2/343/DC1/.
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